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PASSIVATION LAYER ON ALUMINUM SURFACE AND METHOD THEREOF 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

The invention described herein may be manufactured and used by or for the 
government of the United States of America for governmental purposes without the payment 
of any royalties thereon or therefor. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention provides a passivation layer on a bare aluminum mass. 

2. Brief Description of the Related Art 

Aluminum particles may be prepared by metal vapor condensation techniques or 
decomposition of AIH3-NR3. These aluminum particles have been passivated by oxygen, 
with the oxygen forming a shell of aluminum oxide (AI2O3) over the core of aluminum or by 
adding the particles to a halogenated polymer slurry and allowing the polymer to set. Both of 
these methodologies allow oxygen to penetrate to the core of the particle and continue 
oxidation of the metal center over time and exposure to air. With the continued oxidation, 
the energy obtained during the combustion results in less than the theoretical maximum 
either from the incomplete combustion of the aluminum particle, i.e., the oxide layer prevents 
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or retards combustion, or from a large amount of the aluminum, such as from 20% to 40%, is 
akeady fiilly oxidized prior to combustion. For example, United States Patent 6,179,899 to 
Higa et al discloses passivation of an aluminum powder product in the reaction vessel either 
by exposing the solution to air before product separation or by controlling the admission of 
air to the separated, dried powder. 

There is a need in the art to provide an improved method for, and product of, 
passivated alimiinum masses, particularly aluminum masses that contain a large amount of 
pure aluminum. The present invention addresses this and other needs. 

SUMMARY OF THE INVENTION 

The present invention includes a protected aluminum mass comprising a bare 
aluminum mass and an attached layer to the surface of the bare aluminum mass comprising at 
least one carbon atom. The attached layer may include a moiety resulting from a carboxylic 
acid derivative, alcohol derivative, thiol derivative, aldehyde derivative, amide derivative or 
combinations thereof The protected aluminum mass of the present invention is particularly 
useful in small sized aluminum particles used in energetic materials, such as explosives, 
pyrotechnics, gas generators and the like. 

The present invention also includes a process for forming a protected aluminum mass 
comprising the steps of forming an xmprotected aluminum mass and adding a layer forming 
reactant, wherein the layer forming reactant binds to the surface of the aluminum mass as an 
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attached protective layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG, 1 illustrates formation of a self assemble monolayer (SAM) passivated 
aluminum (Al) particle of the present invention, designated as SAM:A1; 

FIG. 2 is an Attenuated Total Reflectance InfraRed (ATR-IR) spectrum of 
C14F27O2H/ Aluminum composite of the present invention, C14F27O2H monomer, and oxygen 
passivated aluminum; 

FIGs. 3a-3c are Thermogravimetric Analysis (TGA) graphs of Ci4F2702H/Aluminum 
composite of the present invention; 

FIG. 4 is a Scanning Electron Microscopy (SEM) image and Energy Dispersive 
Spectroscopy (ED AX) data of Ci4F2702H/Aluminum composite of the present invention 
evidencing element mole percentages; and, 

FIG. 5 is a chart listing the monomer size - particle composition of representative 
S AMs of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention provides for novel coatings for one or more bare or improtected 
aluminum masses, of various sizes, to protect the aluminum mass from oxidative forces. 
Unpassivated aluminum mass, such as aluminum particles, are passivated with a protective 
layer, preferably by use of the in-situ formation of a passivation layer on the surface of the 
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aluminum particles. As such, the protective coating increases the usefulness of the 
aluminum mass by making the aluminum mass non-reactive in non-inert environments, e.g., 
when exposed to an oxygen containing atmosphere. The coating includes an attached layer 
on the surface of the aluminum which protects the aluminum mass from combining with non- 

5 aluminum components, particularly oxygen. This layer preferably comprises a mono-layer 
structure attached to the aluminum. 

As seen in FIG. 1, the fomiation of a self assemble monolayer (SAM) passivated 
aluminum (Al) surface, such as a particle, 10 of the present invention, designated herein as 
SAM: Al or A1:SAM, includes a protected alimiinum mass 10 comprising bare aluminum 12 

10 with an attached layer 14 on its surface. The bare aluminum 12 may be formed from any 
appropriate process for producing purified aluminum, also referred to herein as "bare" or 
unprotected aluminum. Bare aluminum 12, particularly in the form of pure fine powders, is 
pyrophoric. Methods of production include, for example without limitation, process 
disclosed in United States Patent 6,179,899 to Higa et al. (referred to herein as the "Higa 

15 Patent*'), the disclosure of which is hereby incorporated by reference for teaching bare 
aluminum production. The Higa Patent references several methods for producing aluminum 
powders. These methods include exploding aluminum wire in a vacuum by a high electric 
current; condensation of vaporized alimiinum in a current of cold inert gas, plating aluminum 
on a substrate by the decomposition of a tertiary amine complex of aluminum hydride in 
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vapor form at pressures of up to 30 mm of mercury without a catalyst and at temperatures of 
125°C to 550X, and citing United States Patent 3,462,288 for plating aluminum on a 
substrate from an alkyl or aryl substituted aluminxun hydride complexed with an ether or a 
nitrogen containing compoimd and catalyzed. The Higa Patent further cites United States 
5 Patents 3,535,108 and 3,578,436 for methods for producing purified aluminxun in particulate 
form by the conversion of "crude" aluminum to a dialkylalununum hydride followed by 
decomposition of the dialkylaluminimi hydride at room to 260 °C, and a related method of 
decomposition of diethylhydridoaluminum or diisobutylhydridoaluminum in diisopropyl 
ether or triethylamine at 90°C to 185 °C to produce 99.97 percent pure particulate aluminum 

1 0 along with twice the molar quantity of the corresponding trialkylaluminum (using titanium 
isopropoxide catalyst in an amoimt by weight of 1 part per 3000 parts aluminum produced). 
The Higa patent discloses fine aluminum powders prepared by decomposing alane-adducts in 
organic solvents under an inert atmosphere to provide imiform sized particles from about 65 
nm to about 500 nm with titanium catalyst provided as a haUde, amide, and alkoxide, other 

15 titanium compounds and the corresponding catalyst compounds of zirconium, hafiiium, 
vanadium, niobium, and tantalum. Of note is the disclosure in the Higa Patent for the 
passivation of the produced aluminum powder product in the reaction vessel either by 
exposing the solution to air before product separation or by controlling the admission of air 
to the separated, dried powder. 
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Preferably, formation of the unprotected aluminum mass occurs in an inert 
environment, generally through decomposition of an aluminum composition. Representative 
examples of forming aluminum masses include fine aluminum powders formed under an 
inert atmosphere, such as argon, helium, neon or other like gases. Under this atmosphere, 
5 decomposition reactions of alane adducts, including for example without limitation trialkyl 
(NRR'R"), heterocyclic, and aromatic amines such as trimethylamine, dimethylethylamine, 
triethylamine, methyldiethylamine, tripropylamine, triisopropylamine, tributylamine, 
tetramethylethylenediamine (TMEDA), N-methylpyrrolidine, and pyridine; and ethers 
(ROR) such as dimethyl ether, diethyl ether, propyl ether, isopropyl ether, dioxane, 

10 tetrahydrofiiran, dimethoxymethane, diglyme, triglyme, and tetraglyme) occur in organic 
solvent solutions containing a catalyst. N-methylpyrrolidine, CH3N(ri2-C4H8), is the 
preferred alane adduct. The solvent includes any appropriate aromatic solvent such as 
toluene, benzene, and mesitylene; a polar solvent such as diethyl ether, propyl ether, 
isopropylether, dimethoxymethane, tetrahydrofiiran, diglyme, triglyme, and tetraglyme; an 

15 aliphatic solvent such as hexane, heptane, octane, and nonane; or an amine such as 
triethylamine, tripropylamine, triisopropylamine, and pyridine, with toluene, TMEDA, 
xylene and dioxane preferred. Appropriate catalyst include, for example without limitation, 
compounds of titanium, zirconium, hafiiium, vanadium, or niobium including a halide such 
as TiX4, ZrX4, HDC4, VX3, VX4, VOCI3, NbXa, NbX4, NbXs, TaXs where X=F, CI, Br, I; an 
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alkoxide such as Ti(OR)4, Zr(OR)4, Hf(0R)4, V(0R)3, Nb(OR)3, Nb(0R)5, Ta(0R)5; or an 
amide such as Ti(NR2)4, Zr(NR2)4, Hf(NR2)4, V(NR2)x, Nb(NR2)(3,4,5> Ta(NR2)5, where R is 
an alkyl group such as methyl, ethyl, propyl, isopropyl, butyl, or tert-butyl. Preferred 
catalysts include titanium (IV) chloride, TiCU; titanium (IV) isopropoxide, (i-PrO)4 Ti; and 
5 titanium (IV) dimethylamide, Ti(N(CH3)2)4. 

In forming the aluminum mass, the reactions occur at desired reaction temperatures 
which may be attained by heating an alane adduct solution before or after adding the catalyst 
or by adding the alane adduct to a catalyst solution akeady at the reaction temperature. 
Variable uniform sizes of the formed aluminum particles may be created by varying the 

1 0 concentration of the catalyst and by varying the concentration of an adducting species, such 
as by adding this species in uncompounded form to a solution of an alane adduct or by using 
an adducting species itself as the solvent. Reaction temperatures include from about -78°C 
or higher, such as room temperature to about 162°C, up to the boiling point of the selected 
solvent, and preferably at convenient working temperatures of from about 10°C to about 

15 lOO'^C, and most preferably from about 23X to about SO^'C. Preferably the aluminum 
powders are not isolated from the reaction solvent mixture and are coated with the protective 
attached layer in situ, as described herein. This minimizes any contamination of the 
aluminum mass by oxygen or nitrogen prior to the placement of the SAM onto the aluminum 
mass. 
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The aluminum mass may include any appropriate size or shape for passivation. For 
aluminum masses used in energetic materials, the preferred shape includes particles having 
oval or spherical forms, with preferred sizes of these aluminum particles being nano- or 
micron-sized aluminum particles. 

Referring to FIG. 1 , passivation of the formed aluminum powders occurs by attaching 
a layer of molecules onto the surface of the bare aluminum which prevent oxidation of the 
surface of the aluminum mass. The attached layer 14 to the surface of the bare alimiinum 
mass 12 includes molecules containing at least one carbon atom. Preferably, the attached 
layer molecules 14 include a moiety of a carboxylic acid derivative, alcohol derivative, thiol 
derivative, aldehyde derivative, amide derivative or combinations of these derivatives. Most 
preferably the attached layer molecules include a carboxylic acid derivative. 

The attached layer 14 preferably includes a monolayer of molecules attached to the 
aluminum mass. The chemical molecules comprising the monolayer may include, for 
example without limitation, a moiety of a carboxyUc acid derivative, such as preferably 
having from about 3 carbon atoms to about 20 carbon atoms, and more preferably from about 
9 to about 14 carbon atoms. Preferably, the carboxylic acid derivative moiety of the present 
invention includes a derivative of a perfluoroalkyl carboxylic acid, such as a perfluoroalkyl 
carboxylic acid of C9F17O2H, C10F19O2H, C5F9O2H, or C14F27O2H. Most preferably the 
perfluoroalkyl carboxylic acid comprises perfluorotetradecanoic acid (C14F27O2H). 

8 
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Although the attached layer 14 may include any appropriate mass amount for a given 
purpose, preferably the attached layer 14 is present in an appropriate mass amount, such as 
approximately 5:1 molar ratio (aluminum:layer) for the reactions at room temperatures, 
which may change with changes in reaction conditions, such as reaction temperature, solvent, 
etc. Appropriate molar ratios may include, for example without limitation, ratios of from 
about 6: 1 ; 10: 1 ; 20: 1 , etc. The weight percentage of the attached layer 14 on the aluminum 
12 also may be tailored to a given purpose, such as weight percentages of from about 85 
weight percent or less of the total protected aluminum mass, 65 weight percent or less, 50 
weight percent or less, 25 weight percent or less, and other such weight percentages 
including intermediate weight percentages, with variations of the weight percentage 
providing optimum protective coverage of the aluminum mass 12 for changes of particle size 
of the aluminum mass 1 2, changes in the molecular weight of the SAM, etc. As seen in FIG. 
1, alignment of molecules of the attached layer 14 preferably forms a protective monolayer 
against the aluminum mass 12. With the alignment of the protective attached layer 14 as a 
substantially monolayer stmcture, a maximum amount of protection occurs with the least 
amount of material constituting the protective attached layer 14. This increases the amount 
of protected aluminum for the overall mass of the SAM:A1 stmcture. 

In one embodiment of the present invention, the attached layer molecules include at 
least one functional group. This functional group may include binders, stabihzers, 
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polymerizeable moieties, energetic moieties, and other such characteristics as desirable. 
Preferably the attached layer molecules include an energetic moiety, such as a buming 
additive to an aluminum mass used in propellant compositions. With and without the 
inclusion of an energetic moiety, the protected aluminum mass is extremely useful in an 
5 energetic material compositions, such as propellants, explosives, pyrotechnics, and other 
such energetic materials that are aided with the addition of an aluminum component. 

The protected aluminum mass is produced by forming the unprotected aluminum 
mass and adding a layer forming reactant to the formed aluminum mass that preferably 
occurs prior to any oxidation of the surface of the aluminum mass. The layer forming 

10 reactant binds to the surface of the aluminum mass as the attached protective layer. 
Preferably the step of forming the unprotected aluminum mass includes processing a 
composition of AlH3#NRiR2R3, with Ri,R2 and R3 independently being hydrogen or an alkyl 
having from about 0 to about 1 0 carbon atoms, that are optionally in combination with one or 
moreheterocycles. The process results in the formation ofthe protected aluminxmi mass. In 

15 one embodiment, the process of the present invention includes a solution of known 
concentration of AlHa^NRa (R = alkyl) in ether that is decomposed by the addition of a 
catalytic amount of Ti(0*Pr)4. After the decomposition is effected and the aluminum atoms 
begin to nucleate, a solution of perfluoroalkyl carboxylic acid in ether is added slowly to 
reduce heat generation, such as dropwise. Without the use of excess complexing amine - as 

10 
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referenced in the Higa Patent, times of Al particle nucleation may be monitored to prevent 
aluminum film formation on the walls of the reaction vessel. Representative times for 
nucleation may include, for example without limitation, 5 minutes, 7 minutes, 10 minutes, 
and other such times effective for highest degree of Al particle nucleation while preventing 
5 film formation of the atomic aluminum. This allows larger Al particle sizes without fihn 
formation prior to passivation. The carboxylic acid moieties react with the aluminum surface 
releasing hydrogen and forming a covalent aluminum-oxygen bond thereby linking the long 
chain perfluoroalkyl moiety with the aluminum and coating the entire surface of the 
aluminum particle with a self-assembled monolayer of perfluoroalkyl carboxylic acid 

1 0 moieties and preventing the nucleation (Ostwald ripening) of the Al particles. 

Protective layers may be incorporated onto aluminum masses, such as particles, of 
various shapes and sizes, either with consistent uniform masses or over a broad range of 
masses for a given batch of particles. Preferably, the present invention includes fine 
aluminum powders, such as spherical aluminum masses having particle sizes substantially 

1 5 less than the about 1 0 nm to about 200,000 nm, more preferably fi-om about 1 0 nm to about 
15,000 nm, and most preferably firom about 10 nm to about 100 nm. With reduced size, the 
fine aluminum powders significantly increase the effectiveness of fiiels and fiiel additives, 
pyrotechnics, and energetic materials including composites, thermite, and explosives, 
generally by a factor of fi'om about three to about ten. Increases occur fi"om the more rapid 

11 
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and complete reaction of the finer particles. 

The present invention provides passivated aluminum mass, particularly for nano- 
sized aluminum 

Example 1 

A solution of AlH3#NMe3 in EtaO (25 mL; 0.213 M) was stirred at room temperature 
in an argon filled glove box. To this flask, 1.0 mL of a solution of Ti(0'Pr)4/toluene (10 
pL/mL) was added resulting in an instantaneous color change fi-om clear colorless to dark 
brown to black opaque. Five minutes following the Ti(0'Pr)4/toluene addition, a solution of 
Ci4F2702H/Et20 (0.095 M) was added dropwise at which time bubbles were observed. 
Stirring was halted and the resultant brown fluflfy solid was allowed to settle, washed twice 
with EtaO, and dried in vacuo to yield an off-white powder. The A1:SAM molar ratio in this 
Example 1 was 2.2:1. 

Example 2 

A solution of alane-N-methylpyrrolidine complex, AlH3«N(Me)Pyr, (1 . 1 39 g, 0.0 1 1 5 
mol) in Et20 (30mL) was stirred at room temperature in an argon filled glove box. To this 
solution, 20^L of Ti(0'Pr)4 in 1 .6mL of toluene was rapidly added via syringe. The reaction 
was stirred for 7 minutes, during which time the solution became dark brown in color. After 
5 minutes, 20 mL of Ci4F2702H/Et20 (0. 1 1 5 M) was added dropwise to the reaction flask at a 
drop rate of 3-4 drops per second. The reaction was stirred overnight, after which stirring 

12 
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was stopped and the reaction contents allowed to settle. The clear brown ether layer was 
removed by pipet from the dark gray precipitate. The precipitate was washed twice with 1 0 
mL portions of EtaO, each time removing the Et20 after the soUd settled out. The precipitate 
was dried by allowing the residual ether to evaporate in the glove box. The resulting dark 

5 gray powder was found to be stable in air. The AliSAM molar ratio in this Example 2 was 
approximately 5.0:1, showing an effective passivation of the Al material. FIG. 2 shows an 
Attenuated Total Reflectance InfiaRed spectra (ATR-IR) of a sample of the 
Ci4F2702H/Aluminum composite of the present invention that was exposed to ambient air for 
one week, and separately the C14F27O2H monomer and AI2O3 coated aluminum. As seen in 

10 the spectra, the Al/SAM composite evidences two distinguishing peaks of the C14F27O2H 
monomer at approximately 1150 cm'' and 1200 cm"\ while the distinguishing peak of AI2O3 
coated aluminum at approximately 950 cm"' remains absent from the Al/SAM composite 
spectrum. As such, the Al/SAM composite is shown not to have been oxidized and to 
encompass a protective layer of the C14F27O2H monomer. The Al/SAM 

15 (Ci4F2702H/Aliuninum) composite of the present invention shown in this Example 2 is 
ftirther detailed in the thermogravimetric analysis (TGA) graph of FIG. 3. FIGs. 3(a) and 
3(b) show the Al/SAM nano-composite material to exhibit approximately 1% weight gain 
after 2200 minutes at 30°C in ambient air, evidencing no ongoing oxidative process from the 
air. Additionally, shown in FIG. 3(c), the thermoysis of aluminum in air results in a weight 

13 
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loss of approximately 20% of the original (while typical al TGA experiments of Al in air 
generally demonstrate only weight gain due to the formation of AI2O3). The FIG. 4 shows 
the Scanning Electron Microscopy image and Energy Dispersive Spectroscopy data 
(SEM/EDAX) of the Ci4F2702H/Aluminum composite of the present invention evidencing 
5 element mole percentages. The chart detailed in FIG. 5 shows a listing the monomer size - 
particle composition of representative S AMs of the present invention. Figure 5 demonstrates 
the tailorability of the SAM:A1 composites in that by increasing or decreasing the SAM 
monomer molecular weight while maintaining the Al particle size and mole ratio of A1:SAM, 
the A1:F molar ratio or the A1:SAM mass ratio can be modified for the intended application. 

1 0 The process described in this Example 2 was repeated with monomers of C\ 1F21 02H, 

C9F17O2H, and C5F9O2H, resulting in SAMiAl composites of a gray powder, sticky gooey 
mass and gray powder, respectively. 

The foregoing summary, description, and examples of the present invention are not 
intended to be limiting, but are only exemplary of the inventive features which are defined in 

15 the claims. 
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